Abstract: Isomers provide more possibilities for the structure of organic compounds. Molecular structures determine their corresponding properties, therefore the intrinsic relationship between structure and properties of isomers is of great research value. Isomers with a stable structure and excellent performance possess more potential for development and application. In this paper, we design and synthesize structural isomers with different molecular symmetries based on the asymmetric structure of imidazole and the symmetrical structure of pyrene. Isomers with stable molecular structures can be obtained by a simple and efficient "one-pot" reaction, involving axisymmetric configuration and centrosymmetric configuration. Using this "click-like" reaction, the structure of target molecules is controllable and adjustable. Furthermore, the effect of molecular configurations on molecular stacking of crystal is studied. The variation of the optical and thermal properties, the optimized structures, and orbital distributions of isomers depends on different molecular geometry with different symmetry, which are revealed by crystallographic analysis. This present strategy provides an efficient synthetic method for the design and synthesis of structural isomers based on pyrene-imidazole.
Introduction
Isomers are one of the major research topics in chemistry and materials. In the field of medicinal and material science, the pharmacological properties and the macroscopic properties of isomers may be different or even dramatically distinctive [1] [2] [3] [4] . In the field of organic optoelectronics, isomers have also drawn a lot of attention in recent years [5] . Structural isomers, for instance, which possess the same bonding mode but hold different geometric positions of related atoms in space, may not keep similar properties necessarily, even though they have the same functional groups; therefore, these valuable isomers can be provided as model compounds to research the relationship between structure and properties [6, 7] . Besides, structures of structural isomers are stabilized through chemical bonds where photochemical or thermochemical isomerization could not occur suggesting excellent stability of structural isomers. A great deal of the intensive study toward the syn-isomeric and anti-isomeric effects on the crucial changes of photophysical properties for thiophene derivatives has taken place and thus becomes typical [8] [9] [10] [11] . It has been shown that much higher charge
Results and Discussion
Synthesis route of the anti/syn-isomers of tbu-PyDPI is depicted in Scheme 2. Anti-tbu-PyDPI and syn-tbu-PyDPI were synthesized through a one-pot reaction simultaneously with a moderate yield of 35.0% and 32.5%, respectively. When separating and purifying by chromatography, the Rf values of these two isomers varied significantly after being eluted with a mixed solvent of petroleum ether and dichloromethane in a ratio of 1:5 v/v. This was a consequence of the differential molecular polarities of the syn-and anti-isomers with various symmetries, leading to noticeable differences in the molecular shape and dipole moment of these rigid polycyclic aromatic hydrocarbons. Thus, antiand syn-tbu-PyDPI could be obtained successfully in an approximate 1:1 ratio. 
1 H NMR Spectrum Identification
As shown in the 1 H NMR spectra (Figure 1 ), the resonance peaks of protons Ha of tertiary butyl on 2 and 7-position of pyrene in anti-tbu-PyDPI occurred at 1.31 ppm exclusively, demonstrating that they had the same chemical atmosphere. As a result of centrosymmetric configuration, the shielding effect of protons Ha was merely from one phenyl ring attached to the N atom of imidazole. In contrast, those relevant resonance peaks of protons in syn-tbu-PyDPI, marked as Hb and Hc, displayed a relatively high-field chemical shift of 0.84 ppm and relatively low-field chemical shift of 1.69 ppm, Scheme 1. Synthetic approach to pyrene-imidazole based isomers.
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As shown in the 1 H NMR spectra (Figure 1 ), the resonance peaks of protons H a of tertiary butyl on 2 and 7-position of pyrene in anti-tbu-PyDPI occurred at 1.31 ppm exclusively, demonstrating that they had the same chemical atmosphere. As a result of centrosymmetric configuration, the shielding effect of protons H a was merely from one phenyl ring attached to the N atom of imidazole. In contrast, those relevant resonance peaks of protons in syn-tbu-PyDPI, marked as H b and H c , displayed a 
Crystal Structure
Single crystals of two isomers were grown by sublimation and the single-crystal measurement further confirmed the configuration of syn/anti-tbu-PyDPI precisely. Their crystal structure with atomic numbering is given in Figure 2 Figures  2 and 3a) . In contrast, all atomic numbering varied for syn-tbu-PyDPI reflecting its axisymmetry with a slightly different torsion angle between the phenyl plane and imidazole plane (Figure 3b) .
The derived crystal structures are shown in Figure 3 with selected molecular parameters provided in Table S1 . As depicted in Figure 3 , both crystals crystallized in a monoclinic space group P 21/c. The anti/syn-tbu-PyDPI crystals had an essentially planar core and pyrene-imidazole ring, while their formed molecular columns packed in a herringbone fashion for both of them. The anticrystal contained only two molecules in the unit cell while there are four molecules in the syn-crystal which exhibited a more ordered arrangement of the anti-part. Due to the axisymmetric configuration of syn-tbu-PyDPI which can create an induced dipole along the short axis direction (Figure 4 ), it is proposed that formation of alternating the antiparallel arrangement in a flat dimer of one unit cell was driven by the dipole-dipole interactions [37] , referring to the pyrene-imidazole unit with an interfacial distance of ca. 4.89 Å. Because of the steric hindrance effect of tert-butyl, the adjacent molecules adopt a slip-stacked stacking mode along the short molecular axis and the long molecular axis synchronously to some extent ( Figure 4 ). 
Single crystals of two isomers were grown by sublimation and the single-crystal measurement further confirmed the configuration of syn/anti-tbu-PyDPI precisely. Their crystal structure with atomic numbering is given in Figure 2 The derived crystal structures are shown in Figure 3 with selected molecular parameters provided in Table S1 . As depicted in Figure 3 , both crystals crystallized in a monoclinic space group P 2 1 /c. The anti/syn-tbu-PyDPI crystals had an essentially planar core and pyrene-imidazole ring, while their formed molecular columns packed in a herringbone fashion for both of them. The anti-crystal contained only two molecules in the unit cell while there are four molecules in the syn-crystal which exhibited a more ordered arrangement of the anti-part. Due to the axisymmetric configuration of syn-tbu-PyDPI which can create an induced dipole along the short axis direction (Figure 4) , it is proposed that formation of alternating the antiparallel arrangement in a flat dimer of one unit cell was driven by the dipole-dipole interactions [37] , referring to the pyrene-imidazole unit with an interfacial distance of ca. 4.89 Å. Because of the steric hindrance effect of tert-butyl, the adjacent molecules adopt a slip-stacked stacking mode along the short molecular axis and the long molecular axis synchronously to some extent ( Figure 4 ). We further analyzed the intermolecular interactions for anti/syn-crystal in unit cell. There exist many various kinds of C-H•••π interactions between two adjacent molecules in one unit cell ( Figure S2 ). These intermolecular CH(sp 3 /sp 2 )•••π interactions are the key forces of the stacking mode. The CH•••π hydrogen bond in organic crystal is one of the most important weak intermolecular forces, significant in controlling molecular configurations and playing a vital role of various natures in chemistry [38] . In spite of the stabilization coming from a single intermolecular CH•••π interaction being weak, the multicomponents of intermolecular CH•••π interactions can be of great importance. As shown in Figure S3 , in anti-isomer, it is C7···C13 (-x, -y, -z) of 3.44 Å (C7···H13(-x, -y, -z) of 2.63 Å), while in syn-isomer, it is C20···C42 (1-x, -y, 1-z) of 3.65 Å (C20···H42(1-x, -y, 1-z) of 2.73 Å). Apparently, the molecule stacking of alternating the antiparallel alignment of the pyrene-imidazole unit in the syn-crystal is attributed to the van der Waals force derived from a weak intermolecular dipole (Figure 4) . However, no intermolecular π-π interaction upon face-to-face between pyrene units is perceived for these structural isomers. Besides, the type and number of CH•••π interaction may influence the photophysical properties of materials, especially for organic molecules containing a π-system [39] .
Optical Properties
The normalized UV-vis absorption spectra and photoluminescence (PL) spectra of the isomers in dilute THF with sample concentrations of 10 −5 M are shown in Figure 5 . They manifested similar absorption and PL spectra due to their corresponding molecular organization. The absorption spectra of the two molecules displayed complex absorption profiles dominated by a series of bands resulting from the multiple localized π-π* transitions which originate from phenyl and the pyrene-imidazole moiety [25, 28, 29] . The molar extinction coefficient of the peak at 304 nm for anti-tbu-PyDPI and the peak at 314 nm for syn-tbu-PyDPI is 8.2 × 10 4 M −1 cm −1 and 6.3 × 10 4 M −1 cm −1 respectively, which is large for a π-π* transition character. Moreover, the main absorption peak of syn-tbu-PyDPI (314 nm) is slightly red-shifted (10 nm) compared with that of anti-tbu-PyDPI (304 nm) ( Figure 5 ) which may be attributed to the differentia in molecular configuration and symmetry. There is no absorption at the low energy region demonstrating that no intramolecular charge transfer exist which further confirms their symmetric molecular configurations. The PL spectrum of anti-tbu-PyDPI in dilute THF shows three distinctive bands located at 392, 414, and 438 nm. The emission spectrum of syn-tbu-PyDPI shows the same shape with a slight redshift of approximately 2 nm whose bands are located at 394, 416, and 440 nm. Their PL spectra indicated the conformation of fluorophore of isomers from the ground to the first excited singlet states in solutions were nearly the same which could be attributed to the pyrene-imidazole group. The deep-blue emission with obvious vibronic structure features illustrates the blue-fluorescence property of pyrene-imidazole based derivatives [26] [27] [28] .
Molecules 2019, 24, x FOR PEER REVIEW 6 of 11 significant in controlling molecular configurations and playing a vital role of various natures in chemistry [38] . In spite of the stabilization coming from a single intermolecular CH•••π interaction being weak, the multicomponents of intermolecular CH•••π interactions can be of great importance. As shown in Figure S3 , in anti-isomer, it is C7···C13 (-x, -y, -z) of 3.44 Å (C7···H13(-x, -y, -z) of 2.63 Å), while in syn-isomer, it is C20···C42 (1-x, -y, 1-z) of 3.65 Å (C20···H42(1-x, -y, 1-z) of 2.73 Å). Apparently, the molecule stacking of alternating the antiparallel alignment of the pyrene-imidazole unit in the syn-crystal is attributed to the van der Waals force derived from a weak intermolecular dipole (Figure 4) . However, no intermolecular π-π interaction upon face-to-face between pyrene units is perceived for these structural isomers. Besides, the type and number of CH•••π interaction may influence the photophysical properties of materials, especially for organic molecules containing a π-system [39] .
The normalized UV-vis absorption spectra and photoluminescence (PL) spectra of the isomers in dilute THF with sample concentrations of 10 −5 M are shown in Figure 5 . They manifested similar absorption and PL spectra due to their corresponding molecular organization. The absorption spectra of the two molecules displayed complex absorption profiles dominated by a series of bands resulting from the multiple localized π-π* transitions which originate from phenyl and the pyrene-imidazole moiety [25, 28, 29] . The molar extinction coefficient of the peak at 304 nm for anti-tbu-PyDPI and the peak at 314 nm for syn-tbu-PyDPI is 8.2 × 10 4 M -1 cm −1 and 6.3 × 10 4 M −1 cm −1 respectively, which is large for a π-π* transition character. Moreover, the main absorption peak of syn-tbu-PyDPI (314 nm) is slightly red-shifted (10 nm) compared with that of anti-tbu-PyDPI (304 nm) ( Figure 5 ) which may be attributed to the differentia in molecular configuration and symmetry. There is no absorption at the low energy region demonstrating that no intramolecular charge transfer exist which further confirms their symmetric molecular configurations. The PL spectrum of anti-tbu-PyDPI in dilute THF shows three distinctive bands located at 392, 414, and 438 nm. The emission spectrum of syn-tbuPyDPI shows the same shape with a slight redshift of approximately 2 nm whose bands are located at 394, 416, and 440 nm. Their PL spectra indicated the conformation of fluorophore of isomers from the ground to the first excited singlet states in solutions were nearly the same which could be attributed to the pyrene-imidazole group. The deep-blue emission with obvious vibronic structure features illustrates the blue-fluorescence property of pyrene-imidazole based derivatives [26] [27] [28] . 
Density Functional Theory Calculation
Density functional theory (DFT) calculations with a B3LYP/6-31G(d,p) basis set using the Gaussian 03W program were performed to further address their differentia in symmetry. The 
Density functional theory (DFT) calculations with a B3LYP/6-31G(d,p) basis set using the Gaussian 03W program were performed to further address their differentia in symmetry. The optimized molecular configuration is shown in Figure 6 . The pyrene-imidazole segment presented nearly coplanar ground state geometries. The dihedral angles between the phenyl ring attached to the N atom of imidazole and imidazole ring of anti-isomer and syn-isomer are close to 80 • . The twisty molecular structure may impede the occurrence of intermolecular aggregation to some extent. The dihedral angles between the phenyl ring attached to the C atom of imidazole and imidazole ring of anti-isomer and syn-isomer are 30 • and 31 • , respectively. These calculations are basically consistent with the results of monocrystalline structures mentioned above. In addition, the distributions of the front molecular orbitals are shown in Figure 7 . The highest occupied molecular orbitals (HOMOs) of anti-tbu-PyDPI and syn-tbu-PyDPI were both delocalized over the molecule along the long molecular axis. Their lowest unoccupied molecular orbitals (LUMOs) were delocalized over the whole molecule, while there are more distributions on the bottom part of pyrene close to the two phenyl rings attached to the N atom of imidazole for syn-tbu-PyDPI which probably resulted from the distinct dipole orientation in syn-tbu-PyDPI (Figure 7 ). In general, the HOMO and LUMO mainly delocalized over the pyrene-imidazole segment, indicating a typical pure π→π* transition for both of them, which can also be confirmed from their PL spectra ( Figure 5) . Meanwhile, the distribution of LUMOs of syn-isomer further prove its axisymmetric configuration whereby a certain intramolecular dipole can be formed in the direction of molecule's short axis [29] . optimized molecular configuration is shown in Figure 6 . The pyrene-imidazole segment presented nearly coplanar ground state geometries. The dihedral angles between the phenyl ring attached to the N atom of imidazole and imidazole ring of anti-isomer and syn-isomer are close to 80°. The twisty molecular structure may impede the occurrence of intermolecular aggregation to some extent. The dihedral angles between the phenyl ring attached to the C atom of imidazole and imidazole ring of anti-isomer and syn-isomer are 30° and 31°, respectively. These calculations are basically consistent with the results of monocrystalline structures mentioned above. In addition, the distributions of the front molecular orbitals are shown in Figure 7 . The highest occupied molecular orbitals (HOMOs) of anti-tbu-PyDPI and syn-tbu-PyDPI were both delocalized over the molecule along the long molecular axis. Their lowest unoccupied molecular orbitals (LUMOs) were delocalized over the whole molecule, while there are more distributions on the bottom part of pyrene close to the two phenyl rings attached to the N atom of imidazole for syn-tbu-PyDPI which probably resulted from the distinct dipole orientation in syn-tbu-PyDPI ( Figure 7 ). In general, the HOMO and LUMO mainly delocalized over the pyrene-imidazole segment, indicating a typical pure π→π* transition for both of them, which can also be confirmed from their PL spectra ( Figure 5 ). Meanwhile, the distribution of LUMOs of syn-isomer further prove its axisymmetric configuration whereby a certain intramolecular dipole can be formed in the direction of molecule's short axis [29] . 
Thermal Analysis: the DSC and TGA Graphs of Syn/Anti-tbu-PyDPI
Such a dual five-membered-ring skeleton demonstrated high thermal stability. From their thermogravimetric analysis (TGA) graphs, anti-tbu-PyDPI and syn-tbu-PyDPI exhibited outstanding thermal stability with decomposition temperature (Td) (5% weight loss) as high as 520 and 500 °C, respectively (Figure 8 ). The single pyrene-imidazole unit already revealed high thermal stability [28, 29] , and the centrosymmetric structure of anti-tbu-PyDPI further increased the thermal stability of the material. In differential scanning calorimetry (DSC) heating cycles up to 450 °C, anti-tbu-PyDPI optimized molecular configuration is shown in Figure 6 . The pyrene-imidazole segment presented nearly coplanar ground state geometries. The dihedral angles between the phenyl ring attached to the N atom of imidazole and imidazole ring of anti-isomer and syn-isomer are close to 80°. The twisty molecular structure may impede the occurrence of intermolecular aggregation to some extent. The dihedral angles between the phenyl ring attached to the C atom of imidazole and imidazole ring of anti-isomer and syn-isomer are 30° and 31°, respectively. These calculations are basically consistent with the results of monocrystalline structures mentioned above. In addition, the distributions of the front molecular orbitals are shown in Figure 7 . The highest occupied molecular orbitals (HOMOs) of anti-tbu-PyDPI and syn-tbu-PyDPI were both delocalized over the molecule along the long molecular axis. Their lowest unoccupied molecular orbitals (LUMOs) were delocalized over the whole molecule, while there are more distributions on the bottom part of pyrene close to the two phenyl rings attached to the N atom of imidazole for syn-tbu-PyDPI which probably resulted from the distinct dipole orientation in syn-tbu-PyDPI ( Figure 7 ). In general, the HOMO and LUMO mainly delocalized over the pyrene-imidazole segment, indicating a typical pure π→π* transition for both of them, which can also be confirmed from their PL spectra ( Figure 5 ). Meanwhile, the distribution of LUMOs of syn-isomer further prove its axisymmetric configuration whereby a certain intramolecular dipole can be formed in the direction of molecule's short axis [29] . 
Such a dual five-membered-ring skeleton demonstrated high thermal stability. From their thermogravimetric analysis (TGA) graphs, anti-tbu-PyDPI and syn-tbu-PyDPI exhibited outstanding thermal stability with decomposition temperature (Td) (5% weight loss) as high as 520 and 500 °C, respectively (Figure 8 ). The single pyrene-imidazole unit already revealed high thermal stability [28, 29] , and the centrosymmetric structure of anti-tbu-PyDPI further increased the thermal stability of the material. In differential scanning calorimetry (DSC) heating cycles up to 450 °C, anti-tbu-PyDPI did not show any thermal transition, which was due to its highly rigid structures and multi- 2.5. Thermal Analysis: The DSC and TGA Graphs of Syn/Anti-tbu-PyDPI Such a dual five-membered-ring skeleton demonstrated high thermal stability. From their thermogravimetric analysis (TGA) graphs, anti-tbu-PyDPI and syn-tbu-PyDPI exhibited outstanding thermal stability with decomposition temperature (T d ) (5% weight loss) as high as 520 and 500 • C, respectively (Figure 8 ). The single pyrene-imidazole unit already revealed high thermal stability [28, 29] , and the centrosymmetric structure of anti-tbu-PyDPI further increased the thermal stability of the material. In differential scanning calorimetry (DSC) heating cycles up to 450 • C, anti-tbu-PyDPI did not show any thermal transition, which was due to its highly rigid structures and multi-intermolecular interactions ( Figure S2) . T m appeared at 420 • C for syn-tbu-PyDPI, which reflects that an axisymmetric structure shows better molecular flexibility than a centrosymmetric structure due to the comparatively lower T d of syn-tbu-PyDPI.
Molecules 2019, 24, x FOR PEER REVIEW 8 of 11 intermolecular interactions ( Figure S2) . Tm appeared at 420 °C for syn-tbu-PyDPI, which reflects that an axisymmetric structure shows better molecular flexibility than a centrosymmetric structure due to the comparatively lower Td of syn-tbu-PyDPI. 
Materials and Methods

General
All of the solvents and reactants are commercially available and were used without purification. The 1 H NMR and spectra were recorded on Bruker AVANCZ 500 spectrometers (Bruker, Bremen, Germany) at 298K by utilizing deuterated tetrahydrofuran (THF) as solvent and tetramethylsilane (TMS) as the internal standard. The mass spectra were recorded on a Waters XevoTQ mass spectrometer (Waters, VA, USA). The elemental analysis was performed on FLASH EA1112 elemental analyzer. Absorption spectra were collected using a PERSEE UV-1900 ultraviolet spectrophotometer (Shimadzu, Kyoto, Japan). Fluorescence emission spectra were obtained on a Perkin Elmer LS55 fluorospectrophotometer (North Billerica, MA, USA). Diffraction data were collected on a Rigaku RAXIS-PRID diffractometer using the ω-scan mode with graphitemonochromator Mo•Kα radiation. The structures were solved with direct methods using SHELXTL and refined with full-matrix least-squares on F 2 . In the case of syn-tbu-PyDPI, the tert-butyl group was found to be disordered on three sites with an occupancy factor of 0.629/0.371 for C48/C48′, C49/C49′ and C50/C50′. Thermal gravimetric analysis (TGA) was measured on a Perkin-Elmer thermal analysis system from 50 °C to 800 °C at a heating rate of 10 K min −1 under nitrogen flow rate of 80 mL min -1 . Differential scanning calorimetry (DSC) was performed on a NETZSCH (DSC-204) unit from 50 °C to 450 °C at a heating rate of 10 K min −1 under a nitrogen atmosphere. The ground state geometries were optimized at the B3LYP/6-31G(d,p) level, which is a common method to provide molecular geometries. The HOMO/LUMO distributions are calculated on the basis of optimized ground-state.
Synthesis of Isomers Anti-tbu-PyDPI and Syn-tbu-PyDPI
The starting material 2,7-di-tert-butylpyrene-4,5,9,10-tetraone was prepared according to the literature procedures [40] . A mixture of aniline (4.6 mL, 50.0 mmol), 2,7-di-tert-butylpyrene-4,5,9,10-tetraone (1.87 g, 5.0 mmol), corresponding benzaldehyde (1.3 g, 12.0 mmol), ammonium acetate (3.1 g, 40.0 mmol), and acetic acid (20 mL) was refluxed under nitrogen in an oil bath. After 2 h, the mixture was cooled and filtered. The solid product was washed with an acetic acid/water mixture (1:1, 150 mL). And then, the two isomers were separated by chromatography using CH2Cl2 as eluent and further purified by sublimation under vacuum.
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2,8-di-tert-butyl-4,5,10,11-tetraphenyl-4,10-dihydropyreno [4,5- 
Conclusions
Two structural isomers containing pyrene-imidazole skeleton, anti-tbu-PyDPI and syn-tbu-PyDPI with different molecular symmetries, were conveniently synthesized and successfully separated through a one-pot reaction. The structural characteristics of anti/syn-tbu-PyDPI upon different symmetries were elucidated unambiguously using 1 H NMR spectroscopy and further confirmed from single-crystal X-ray measurement. In addition, the similarities with differences of intermolecular interaction and packing mode were accurately characterized by X-ray crystallography. Crystal packing in anti-configuration with centrosymmetry strengthened intermolecular interactions displaying higher thermostability. The preliminary fluorescence study shows that the two molecules were good candidates for blue light emitting materials. This work provides an efficient synthesis method and experimental basis for the construction of stable, novel, and advanced structural isomers based on pyrene-imidazole with very convenient accessibility.
